Subgroup-specific peptide-based enzyme immunoassays from each respective G-glycoprotein of the ovine and the bovine respiratory syncytial virus (RSV) were developed to detect RSV-specific IgG responses in cattle. Antigenic peptides from the respective G-glycoprotein were identified from the extracellular central hydrophobic region (amino acids 158-189) located between 2 mucin-rich regions. These antigenic peptides identified by epitope mapping from each G-glycoprotein were synthesized and used to develop the subgroupspecific enzyme immunoassays. The negative cutoff for each enzyme immunoassay was established as the mean optical density of indirect immunofluorescent antibody-negative bovine sera plus 3 SDs. The sensitivity (82.9%) and specificity (100%) of the bovine enzyme immunoassay and the specificity (95.8%) of the ovine enzyme immunoassay were determined by comparison with indirect immunofluorescence (used as the ''gold standard''). The negative and positive predictive values were calculated for each assay. The presence of serum antibody to ovine RSV in cattle implies that this virus infects cattle and may contribute to the pathogenesis of bovine respiratory disease.
Economic losses due to respiratory disease in the US cattle industry approximate $1 billion annually. 10 Respiratory syncytial virus (RSV) has been isolated from people (human RSV [HRSV] ) and from several animal species, including cattle (bovine RSV [BRSV]), sheep (ovine RSV [ORSV]), and goats (caprine RSV). These viruses are members of the genus Pneumovirus in the family Paramyxoviridae. They are enveloped, single-stranded, nonsegmented, negativesense RNA viruses. 11 The genome encodes 10 viral proteins: 1B, 1C, N, P, M, SH, M2, L, the major glycoprotein (G), and the fusion (F) protein. 3, 8 The G and F proteins are present in the membrane of infected cells and in the virus envelope. 16 The attachment protein G has been the most variable antigen among viral strains. 2 The proposed 3-dimensional model for the Gglycoprotein of BRSV contains a hydrophobic globular region (residues 158-189) bordered by 2 hydrophilic densely carbohydrate-coated mucin-like regions. 15 The G-glycoprotein gene from an ORSV strain has been cloned and sequenced and had greater homology to the BRSV gene (and its encoded protein) than to the HRSV gene (and its encoded protein). 2, 4 However, the degree of base sequence differences between BRSV and ORSV suggests that 2 subgroups of an ungulate RSV exist. 2, 15 Recent RNase protection assays, reverse transcription polymerase chain reaction amplification studies, and a phosphoprotein profile analysis support the existence of 2 ruminant RSV subgroups. 1, 9, 17, 18 Current knowledge concerning interspecies transmission of RSV strains is limited. Antibodies to BRSV were found in cattle, goats, and horses but were not detected in sheep. 14, 20 Recently, serologic evidence of RSV infection in swine has been reported. 5 Respiratory syncytial virus is recognized as an important pathogen in bovine respiratory tract disease, but the contribution, if any, of ORSV to the respiratory disease complex in cattle is unknown. A convenient measure of ORSV infection in cattle would be the prevalence of ORSV specific antibodies in cattle. The standard tests for detection of RSV serum antibodies in cattle are indirect immunofluorescence and virus neutralization. Because cross-reactive F-protein antibodies (and others) are reactive in these tests, infections with BRSV and those with ORSV cannot be differentiated. The development of subgroup-specific enzyme immunoassays can be exploited to determine RSV strain specificity for ruminants. A peptide-based enzyme-linked immunosorbent assay ELISA from the central hydrophobic region (residues 158-189) of the G-glycoprotein of BRSV was used to measure serum antibodies to BRSV. 14, 20 A test based on epitopes of the G-glycoprotein has the potential to discriminate among antibodies induced by different RSV subgroups. 14, 20 The purpose of this communication is to describe the development of BRSV and ORSV peptide-based enzyme immunoassays. The sensitivity, specificity, and positive and negative predictive values of each assay were determined. The results revealed that some cattle have serum antibody to ORSV.
Materials and methods
Cells and medium. Madin-Darby bovine kidney (MDBK) cells and bovine turbinate cells grown in Dulbecco's modification of Eagle's minimum essential medium (DMEM), a supplemented with 10% heat-inactivated fetal bovine serum (FBS) b and 0.01% gentamicin, a were used to grow RSV strains. Maintenance medium consisted of DMEM with 2% FBS and 0.01% gentamicin.
Virus. The ORSV strain WSU-83-1578 c and BRSV strain 375 c were used in this study. The viruses were grown in MDBK cells until 70% of cells had evidence of virus-induced cytopathic effect (CPE). Infected cells suspended in their growth medium were collected and used to inoculate susceptible sheep.
Sera. Serum for ORSV and BRSV used in epitope mapping was produced in 2 RSV antibody-negative (by the indirect fluorescent antibody test [IFA]) commercially derived mixed-breed lambs. Each lamb was inoculated intranasally with approximately 1 ϫ 10 4 cell culture infectious doses (50% of total dose/nostril) on days 0, 14, and 28. On day 35, 50 ml of whole blood was collected by jugular venipuncture, centrifuged, and tested by IFA to confirm antibody response to RSV. The IFA-positive BRSV serum used in this study was produced in a seronegative neonatal calf. d Positive sera used in the ORSV ELISA was produced in rabbits with the ORSV peptide conjugated to keyhole limpet hemocyanin. The conjugated peptide was produced by a commercial laboratory, e and 50 g of peptide in Fruend's incomplete adjuvant was injected into rabbits on days 0, 14, 21, and 28. On day 35, 25 ml of whole blood was collected by jugular venipuncture. Serum was stored at Ϫ70 C until used.
Test sera. All test sera used in this study had been collected from apparently healthy cattle and submitted to a diagnostic laboratory for brucellosis testing. f All sera were tested by each ELISA in triplicate.
IFA. The IFA was done as described elsewhere. 5 Semiconfluent monolayer preparations of susceptible bovine turbinate cell cultures were inoculated with BRSV strain 375 or ORSV WSU 83-1578. After 70% CPE occurred, cells were collected, centrifuged, resuspended in phosphate-buffered saline (PBS, pH 7.2), and placed on glass slides. Slides were air dried, fixed in acetone for 10 min, and stored at Ϫ20 C until used. Test sera diluted 1:40 in PBS (pH 7.2) were applied to BRSV antigen slides for 15 min at 37 C. Slides then were washed in PBS 3 times, and a fluorescein isothiocyanate-conjugated, anti-bovine gamma chain-specific IgG secondary antibody 8 (diluted 1:50 in PBS) was applied for 15 min at 37 C. Slides were washed 3 times in PBS and rinsed once in distilled water. The IFA slides were examined under an epifluorescence microscope h using a 25ϫ oil-immersion objective. Samples were rated 0, Ϯ, 1ϩ, 2ϩ, 3ϩ, and 4ϩ arbitrarily and were considered positive if a fluorescence Ն 1ϩ was observed. Technologists reading samples were blind to any information concerning the serum samples.
Epitope mapping. A commercial kit i was used to identify antigenic epitopes on the central hydrophobic region of the G-glycoprotein of RSV. 2, 14 The amino acid sequence 158-189 of this protein was evaluated: ovine ϭ IQQDYSDFQIL-PYVPCNICEGDSACLSLCQDR; bovine ϭ NHQDHNN SQTLPYVPCSTCEGNLACLSLCQV. 2, 14 The epitope mapping procedure was based on the binding of a series of overlapping synthetic peptides of the target protein sequence to specific antibody. Each series of the overlapping peptides from the respective G protein of each virus (ORSV or BRSV) was attached to a separate nitrocellulose membrane by the manufacturer and stored at Ϫ20 C. The nitrocellulose membrane was warmed to room temperature and rinsed in methanol in a sealed polypropylene box. Membranes were rinsed 3 times in 20 ml of tris-buffered saline (TBS, pH 8.0) and placed in 20 ml of blocking buffer (supplied by the manufacturer) overnight at room temperature to prevent nonspecific reactions. The membrane then was rinsed in 20 ml of 0.05% polyoxyethylenesorbitan monolaurate TBS (T-TBS, pH 8.0) at room temperature for 10 min. The RSVpositive antibody was diluted (1:50) in blocking buffer to a final volume of 20 ml and added to the membrane for 4 hr at room temperature. After 3 washes with 20 ml of T-TBS, 10 ml of a ␤-galactosidase-conjugated anti-sheep gamma chain-specific IgG secondary antibody j diluted 1:500 in blocking buffer was added for 2 hr at room temperature. After 2 washes with T-TBS (20 ml) and 2 washes with PBS (pH 7.2, 20 ml), the membrane was placed in a glass tray. Signal development solution (10 ml, supplied by the manufacturer) was added to the membrane, which then was observed for a color change for 10-40 min. The signal development solution was removed, and the membrane was washed twice with PBS (pH 7.2). Reactive peptides were identified by a color change, and the sequences common to reactive peptides represented the epitope(s) detected by the antibody. The precise length and boundaries of the reactive epitope for each virus then was identified.
BRSV peptide ELISA. The BRSV ELISA was done as described elsewhere, with modifications. 6, 13 The BRSV peptides selected for this study were produced by a commercial laboratory. e The optimum concentration of peptide antigen was determined over the range of 0.075-20 g/ml using negative and positive sera. As a consequence, each well of a 96-well ELISA plate k was coated with 0.125 g of peptide diluted in 100 l of PBS (pH 7.2) and incubated overnight at 4 C. The plates were washed 6 times with PBS (200 l/ well) containing 0.05% polyoxyethylenesorbitan monolaurate (T-PBS) and treated with T-PBS (280 l/well) for 60 min at room temperature. Serum samples diluted 1:40 in T-PBS (100 l) were placed in each well for 60 min at 37 C (dilution determined from serum titration experiments). After 6 washes with T-PBS, a peroxidase-conjugated anti-bovine gamma chain-specific IgG l diluted 1:2,000 in T-PBS (100 l) was placed in each well at 37 C for 1 hr (dilution determined from secondary antibody titration experiments). After the plates were washed 6 times in T-PBS, o-phenylenediamine dihydrochloride m substrate was placed in each well as instructed by the manufacturer. The optical density (OD) of the solution in each well was determined at 450 nm. n Samples were considered positive by the BRSV ELISA if their OD was greater than mean OD of IFA-negative samples plus 3 SDs.
ORSV peptide ELISA. The ORSV ELISA was done as described for the BRSV ELISA, except each well of a 96well ELISA plate k was coated with 0.5 g of peptide e diluted in 100 l of PBS (pH 7.2) and incubated overnight at 4 C.
Sensitivity and specificity calculations. One hundred bovine sera tested for RSV by IFA (1:40 dilution) were used to determine sensitivity and specificity of the BRSV ELISA and the specificity of the ORSV ELISA. Sensitivity (the likelihood of a positive test result in an animal known to have specific antibodies) and specificity (likelihood of a negative result in an animal known to be free of specific antibodies) were calculated as previously described. 19 Positive predictive value and negative predictive value. Positive predictive value (PPV, the probability of the presence of specific antibodies in an animal with a positive test) and the negative predictive value (NPV, the probability that an animal does not have specific antibodies when the test is negative) were calculated as previously described. 19 
Results
Antigenic epitope recognition by RSV antibody raised to each strain of ruminant RSV identified the 17 amino acid peptides for ORSV (173-CNICEGD-SACLSLCQDR-189) and for BRSV (171-VPCSTCE GNLACLSLCQ-187). The positive control antibodies used in each ELISA were reacted with a heterologous peptide to evaluate the specificity of the respective peptides ( Fig. 1 ). However, no reaction was observed for the heterologous antibody and the peptide. Moreover, the OD with the heterologous antibody was significantly less than the arbitrary negative threshold (negative mean plus 3 SDs).
The isoelectric point (pH where the net charge of the protein is 0) of each peptide was calculated (BRSV ϭ 3.90; ORSV ϭ 3.91) to identify the appropriate pH of the coating buffer. Phosphate-buffered saline (pH 7.2) resulted in the highest OD with the least nonspecific reaction based on experiments using different coating buffers (data not shown). The antigen concentration for each assay was slightly different (BRSV ϭ 1.25 g/ml; ORSV ϭ 5 g/ml). Separate titration experiments using negative and positive sera (identified by IFA) resulted in selection of the appropriate test antibody (1:40) and secondary antibody (1:2,000) dilutions (data not shown).
One hundred bovine serum samples were tested with each ELISA, and results were compared with those obtained by the IFA (the ''gold standard,'' Table  1) . Of 100 bovine samples tested by IFA, 76 were positive for antibody to RSV. Of the 76 IFA-positive bovine samples, 63 (82.9%) had antibody reactive with BRSV peptide. Five of the 13 BRSV-negative, IFApositive serum samples (38.5%) reacted with the ORSV peptide. Of the 24 IFA-negative samples, all (100%) were negative by the bovine ELISA. Of the 63 BRSV-positive bovine sera, 49 were negative by the ORSV peptide ELISA, and 14 were positive ( Table  2) .
The 100 bovine samples were tested also by the ORSV peptide ELISA. Of the 100 samples, 19 reacted with the ORSV peptide. Twenty-three of the 24 IFAnegative bovine samples (95.8%) were negative for antibody to the ORSV peptide. Of the 19 ORSV ELISApositive serum samples, 14 (73.7%) also had antibody to the BRSV peptide ( Table 2) .
The sensitivity, specificity, PPV, and NPV were calculated for each assay (values used for calculation are listed in Table 3 ). Compared with the IFA, the sensitivity of the BRSV ELISA was 82.9% and the specificity was 100%. The ORSV ELISA had a sensitivity of 25% and a specificity of 95.8% (one false positive). The sensitivity for each ELISA (ORSV and BRSV) was arbitrary because an appropriate ''gold standard'' was not available for calculating the true sensitivity of each assay (the IFA does not discriminate between antigenic types of the virus). The PPV of the BRSV ELISA was 100%, and the NPV was 64.9%. The PPV of the ORSV ELISA was 95%, and the NPV was 28.6%. The prevalence of antibody to the BRSV peptide in this study was 63%, whereas the prevalence for antibody to the ORSV peptide was 19%.
Discussion
Epitope mapping resulted in identification of a 17amino acid peptide from attachment protein G of the ORSV and BRSV. Both viruses share a common peptide motif, located on a similar region of each respective G-glycoprotein, which contains 4 conserved cysteine residues comprising an antigenic cysteine loop. 15 The proposed 3-dimensional model for the RSV G protein places the 4 conserved cysteine residues into a hydrophobic globular region bordered by 2 hydrophilic mucin-like regions. 15 The carbohydrates in the mucin-like regions are extensively O-linked, forming rigid stalk-like structures that act in extending the functional domain to a particular height above the level of the cell surface. 12, 15 The location of the peptides (used in this study) in the 3-dimensional model makes them antigenically attractive to the immune system and functionally significant in virus-cell attachment.
The selection of negative threshold level (negative mean plus 3 SDs) was based on the distribution (data not shown) of ELISA results in 2 different populations (cattle without specific antibody and cattle with specific antibody). Also of consideration was the consequence of false-positive and false-negative test results. The development of a subgroup-specific assay precludes the establishment of a threshold level that will decrease the likelihood of false-positive test results (increase specificity). However, the selection of a higher threshold will unfortunately result in an increased number of false negatives (decreased sensitivity). 19 The correct classification of true negative animals was considered paramount in the development of these assays.
The reactivity of sera from 100 cows with BRSV and ORSV G-glycoprotein peptides were examined to determine sensitivity, specificity, PPV, and NPV. An RSV subgroup-specific assay to use as the ''gold standard'' for comparison was not available; the IFA used in validation of these assays reacts with all strains of RSV because many viral proteins, such as the crossreactive F protein, are conserved among these viruses.
The sensitivity and specificity of each subgroup-specific ELISA were calculated from results with the group-reactive IFA. The sensitivity for the BRSV ELISA was 82.9%, and the specificity was 100%, whereas the ORSV ELISA had a sensitivity of 25% and a specificity of 95.8%. The lower sensitivity for each assay was the result of an artificially high number of false negatives. The false negatives likely are a result of comparing the subgroup-specific ELISA results with those of the IFA. The high specificity of each RSV ELISA was indicated by the negligible number of false positives identified by either assay.
The PPV of the BRSV ELISA was 100%, and the NPV was 64.9%. 19 The PPV of the ORSV ELISA was 95%, and the NPV was 28.6%. The correlation of high specificity and PPV with the low number of false-positive results makes two test reliable for identifying antibody-positive animals.
Both assays had a low NPV due to the artificially high numbers of false-negative samples because the ''gold standard'' IFA is capable of reacting with antibody to any RSV subgroup ( Table 3 ). The NPV is inversely proportional to the number of false-negative test results of an assay. 19 The peptide ELISA reacts with specific antibody only, and therefore false-negative numbers can be inflated when compared to an assay (IFA) that reacts with all RSV antigenic groups. This low NPV makes these peptide enzyme immunoassays less appealing as a broad screening test for identification of antibody than a cross-reactive test such as IFA. However, the high specificity and PPV of RSV peptide enzyme immunoassays make these tests useful for discriminating among infections caused by viruses from different subgroups.
The prevalence of RSV antibody (76%) in this cattle population as detected by IFA was consistent with reports from other studies. 7 Of the 100 bovine serum samples, 63 reacted with the BRSV ELISA and a smaller percentage of animals (19%) were positive for antibody to ORSV. This discrepancy may be due to low contact of these cattle with sheep and perhaps a lower exposure rate to the ovine strain of RSV or passage of the ovine strain from cow to cow may not occur as efficiently as with BRSV strains. These results suggest that the reaction to both peptides as seen in 14 samples was most likely a consequence of dual infections in these animals and not cross-reactivity in the tests.
The animals tested in this study were used to deter-mine sensitivity, specificity, PPV, and NPV in validation of the 2 assays. No attempt was made to determine accurately the prevalence of ORSV in cattle. The presence of circulating serum antibody to ORSV in cattle supports the hypothesis that the virus does indeed infect cattle and may contribute to the pathogenesis of bovine respiratory disease. A much larger study should be done to determine the prevalence of ORSV antibody in different cattle populations. Considerable progress has been made in elucidating the epidemiology of interspecies transmission of RSV strains, but considerable work remains to define the contribution of ORSV to the bovine respiratory disease complex. Antigenic subgroup-specific peptide-based immunoassays developed in this study could contribute significantly in this regard. Determination of the seroprevalence of ORSV in cattle will be an important step in defining the pathogenesis and immunologic role of ORSV in bovine respiratory tract disease.
